Overactivation of purinergic receptors during cerebral ischemia results in a massive release of neurotransmitters, including adenosine triphosphate (ATP), to the extracellular space which leads to cell death. Some hypothetical pathways of ATP release are large ion channels, such as calcium homeostasis modulator 1 (CALHM1), a membrane ion channel that can permeate ATP. Since this transmitter contributes to postischemic brain damage, we hypothesized that CALHM1 activation may be a relevant target to attenuate stroke injury. Here, we analyzed the contribution of CALHM1 to postanoxic depolarization after ischemia in cultured neurons and in cortical slices. We observed that the onset of postanoxic currents in neurons in those preparations was delayed after its blockade with ruthenium red or silencing of Calhm1 gene by short hairpin RNA, as well as in slices from CALHM1 knockout mice. Subsequently, we used transient middle cerebral artery occlusion and found that ruthenium red, a blocker of CALHM1, or the lack of CALHM1, substantially attenuated the motor symptoms and reduced significantly the infarct volume. These results show that CALHM1 channels mediate postanoxic depolarization in neurons and brain damage after ischemia. Therefore, targeting CALHM1 may have a high therapeutic potential for treating brain damage after ischemia.
Introduction
Cerebral ischemia triggers a sequence of short and long molecular pathways that start with a cellular energy failure phenomena. The rapid decrease of oxygen (O 2 ) and glucose in the infarct region of ischemic tissue can trigger cellular death within a few minutes as a result of deregulation in ionic concentrations. 1 Specifically, ischemia causes postanoxic depolarization of cells, which subsequently leads to excessive release of neurotransmitters, such as glutamate and adenosine triphosphate (ATP). [2] [3] [4] [5] [6] Excessive release of ATP can cause neuronal and glial cell death via P2X7 receptor activation, [7] [8] [9] however, the mechanisms by which deleterious ATP is released during ischemia are only partially known. Some data support the involvement of pannexin hemichannels. 9, 10 An unexplored contributor to unregulated pathways in brain ischemia is the calcium homeostasis modulator 1 (CALHM1). CALHM1 was recently identified as a physiologically important plasma membrane Ca 2þ -permeable ion channel regulated by voltage and extracellular Ca 2þ levels. 11 This channel regulates cortical neuronal excitability in response to reduced extracellular Ca 2þ concentrations and it is also able to form a large pore in mouse cortical neurons 11 as well as in the cells of the taste buds.
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CALHM1, originally identified as a possible modifier of the age of onset of Alzheimer's disease, 13, 14 is present in cerebral-cortical neurons whereby can also release ATP. 12 In this study, we have investigated the contribution of CALHM1 to postanoxic depolarization and cell death during cerebral ischemia. We found that the pharmacological inhibition or knockdown of Calhm1 provides protection in ischemia. The protective effects of blockers or silencing were corroborated using knockout (KO) animals for CALHM1, remarking their therapeutic potential for cerebral ischemia.
Materials and methods

Study approval and animals
Protocols for primary cultures, cortical slices, and middle cerebral artery occlusion (MCAO) using mice wild-type (WT) and CALHM1 KO mice, were approved by the Comite´de É tica y Bienestar Animal (Animals Ethics and Welfare Committee) of the University of the Basque Country. All experiments were performed by trained personnel with legal permits, and conducted in accordance with the ARRIVE guidelines and the Directives of the European Union Council (Directive 2010/63/EU) and Spanish regulations (Real Decreto 53/2013) on animal ethics and welfare. WT mice were purchased to Harlan (Barcelona, Spain). CALHM1 knockout mice were developed in P.M.'s laboratory as previously detailed. 11, 12 Calhm1 KO homozygous and WT littermates were maintained as separate lines (Calhm1À/À and þ/þ). Mice were provided by Dr Marambaud and genotyping was performed in his laboratory and confirmed by RT-qPCR (Real-time quantitative polymerase chain reaction) following procedures already published elsewhere. 15, 16 All possible efforts were made to minimize animal suffering and the number of animals used.
Cortical neuronal culture preparations and transfection with short hairpin RNA Primary cultures of neurons were established according to previously described procedures. 17, 18 Briefly, neurons derived from cortical lobes of C57BL/6 mice embryos (18 days of gestational age) were resuspended in B27 neurobasal medium plus 10% Fetal Bovine Serum (FBS) and seeded onto poly-L-ornithine-coated 24-well plates bearing 12-mm-diameter coverslips at 2 Â 10 5 cells per well. The medium was replaced by serum-free, B27-plus antibiotic-antimycotic and glutamine (2 mM)-supplemented neurobasal medium 24 h later and cultures were maintained at 37 C and 5% CO 2 .
For knockdown of Calhm1 gene by short hairpin RNA (shRNA), 4 Â 10 6 neurons were transfected in suspension before plating with 3 mg of pGFP-CshLenti vector (Origene Technologies, Rockville, MD) using Rat Neuron Nucleofector Kit (Lonza, Basel, Switzerland) according to the manufacturer instructions, and plated and maintained as described above. Control (scrambled shRNA) and silenced neurons were used at 7-21 days in vitro. Neurons carrying out the transgene were identified using a high-resolution digital B/W CCD camera (ORCA; Hamamatsu Photonics Iberica, Barcelona, Spain) equipped with epifluorescence. We used at least four neuronal cultures for each experimental condition (5-10 Â 10 4 cells/well). Quantification of transfected and nontrasfected cells resulted in an efficiency of transfection typically around 40% (38.7% AE 9.4% and 37.5% AE 4.9% for neurons with targeted and scrambled shRNA, respectively).
Oxygen and glucose deprivation in neuronal cultures
Oxygen and glucose deprivation (OGD) (2 h) was achieved using a Modular Incubator Chamber (MIC-101) (Billups-Rothenberg), by replacing O 2 with N 2 and external glucose (10 mM) with sucrose, and adding iodoacetate (IAA; 100 mM) to block glycolysis plus the oxidative phosphorylation inhibitor antimycin (0.25 mmol/L) in an extracellular solution containing (in mM) NaCl (140), KCl (5), CaCl 2 (2.5), MgCl 2 (1), and HEPES (10) . Cell survival was determined 24 h after restoring normoxia and glucose, with calcein-AM (Promega, Madison, WI) as previously described 8 using a Synergy-HT fluorimeter (BioTek Instruments, VT). Conversely, cell death was assessed by measuring the release of Lactate Dehydrogenase (LDH), using the Citotox 96 colorimetric assay (Promega). Absorbance was read at 490 nm, and LDH release was expressed as the proportion of release caused by OGD. All experiments with LDH and calcein were performed in at least four independent assays and with at least six wells for each condition.
Brain cortical slices
Cortical slices were obtained from 12 -to 20-weeks old C57BL/6 or CALHM1-KO male. Briefly, mice were anesthetized with isoflurane, then, brains dissected out and coronal sections of 300 mm prepared on a vibratome (Pelco 100, Pelco, Clovis, CA) in ice-cold artificial cerebrospinal fluid containing (in mmol/L) NaCl (126), NaHCO 3 (24) 
Transient MCAO
Transient focal ischemia was induced by a 60 min intraluminal occlusion of the middle cerebral artery (MCAO) followed by reperfusion in adult (3-6 month-old, 25-32 g body weight) male WT or CALHM1 KO mice as reported previously. 11, 19 After applying exclusion criteria (see below) six animals were finally used for quantification in each experimental group. Briefly, the animals were anesthetized with 4% (v/v) isoflurane and maintained under 1.2% (v/v) isoflurane with a facemask. MCAO was performed by inserting a 6-0 nylon monofilament via the right external carotid artery into the internal carotid artery to block the origin of the MCAO. The MCAO was confirmed by measuring local cerebral blood flow using a laser-Doppler flowmeter (PeriFlux System 5000, Perimed AB, Ja¨rfa¨lla, Sweden), and only mice with blood flow reduced by >85% were used for experiments (five animals were excluded with this criteria: 1 WT and 2 KO mice, and 2 mice treated with RuR). Animals were sutured and placed in their cages with ad libitum access to food and water. After 50 min of occlusion, the animals were reanesthetized, and then at 60 min the filament was removed to allow reperfusion for 3 days. The Bederson et al. 20 scale was used, by an independent researcher without role during MCAO surgery, to determine the neurological symptoms caused by the MCAO: 0 for undetectable neurologic deficits; 1 for forelimb flexion and torso rotated towards the contralateral side when the animal is lifted by the tail; 2 for the same deficit grade 1 plus a decreased resistance to lateral push; 3 for the same deficit grade 2 plus unilateral move; and 4 no spontaneous walking and a depressed level of consciousness. Animals with initial neurologic deficits lower than score 2 were excluded from the study (four animals were excluded with these criteria: 1 WT and 1 KO mice, and 2 mice treated with RuR). Neurological score was measured at 60 min, then at 24, 48, and 72 h after MCAO. In addition, animals showing signs of subarachnoid hemorrhage/blood vessel rupture, heart failure during surgery, and severe weightloss, or that died during recirculation treatment were excluded from analysis, and exclusion of any data was done prior to unblinding (seven animals were excluded with these criteria: 3 WT and 2 KO mice, and 2 mice treated withRuR).
Analysis of cerebral infarct size
Mice were anesthetized with chloral hydrate anesthesia followed by decapitation, at 72 h after MCAO. Then, the brains were removed, and the forebrain was sliced into 2-mm-thick coronal sections (Brain Matrices, Ted Pella, Inc., CA). To determine brain infarct size, sections were stained with 1% (w/v) 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich, Madrid, Spain) saline solution at 37 C for 10-15 min. The infarct volume of the brain slice was measured using Image J software (National Institutes of Health, Bethesda, MD). The average infarct area (mm 2 ) in each section was calculated by the following formula: (infarct area on the anterior surface þ infarct area on the posterior surface) / 2. Infarct volumes (mm 3 ) were calculated by the sum of all the section areas and multiplying by the slice thickness. The corrected infarct volume to compensate brain edema was calculated by applying the formula: (nonischemic volume/ischemic volume) Â infarct volume. 21 Moreover, coronal cryosections after TTC staining and fixing were cryostat cut at 10 mm, sections mounted onto gelatinized microscope slides, and stored at À20 C until next staining with FluoroJade C (FJ; Merck Millipore, Madrid, Spain) a marker for degenerating neurons. 22 Sections were air dried and stained with 0.0001% FJ for 20 min, washed, dried, and coverslipped with DPX. Series of microphotographs were taken from four regions of the ipsilateral side, two parts of the cerebral cortex and two areas from the striatum, with a 20Â objective using Zeiss Axoplan microscope (Madrid, Spain), and FJ-positive cells were counted by Image J software (Image Pro Plus 7, Media Cybernetics, Rockville, MD).
Drug treatment
For in vivo experiments, saline solution (vehicle) or ruthenium red were prepared in aliquots and then coded with an alphanumeric name by an independent researcher. The aliquots have the final volume to inject (200 mL; i.p.) and were administered starting at 30 min after the onset of ischemia and thereafter, every 12 h during 3 days. WT mice (C57BL/6) were randomly assigned to each treatment and blinded analysis was of outcomes completed by the participating researcher.
Data analysis
All data are reported as mean AE SEM. For electrophysiology with cortical slices and in vivo experiments, we calculated the sample size (n) of animals needed in each experimental group taking into consideration the variability of measurements of each experimental paradigm and the incidences that influence the procedures like mortality during/or postsurgery or culling by symptoms of pain in mice in accordance with the ethics protocols of Animals Ethics and Welfare Committee. Animals were randomized to treatment according to local practice in participating centers, and following an experimental design of randomized blocks. 23 We used Origin (v.8.5) (Microcal Software; Madrid, Spain), a standard software for power calculation in the study of comparison between groups, to conduct a sample size design. In accordance with previous studies with similar experimental procedures, 8, 10, 24 we assumed an effect size of around 1.9 (Cohen's d estimation calculus), and a minimum of six animals required to provide a power of 80% in detecting changes between means of groups in the in vivo experiments with significance level of 0.05. For the MCAO experiments, we also estimated the number of animals required taking into account the major incidences in this procedure, using the empirical formula
where x is the final number of animals used, Z is the minimum number of animals that allows distinguishing differences between means, as calculated above, and a, b, and c representing mortality (30%), hemorrhage (20%), and small infarcts (10%), respectively according to similar surgery procedures. 26, 27 Oneway analysis of variance test with Fisher's post hoc and t-test were performed to compare between groups. The Kolmogorov-Smirnov method was used to prove the normality of data. For nonparametric data we used the Friedman test. Data were analyzed using GraphPad Prism v. 4 (or Instat 3) software (GraphPad software; San Diego, CA) or Origin 8.5 (Microcal Software).
Results
Blockade of CALHM1 decreases ionic currents in cultured neurons
We initially evaluated the contribution of CALHM1 channels in the current-voltage relationship in isolated neurons. Thus, induction of ionic currents were under a protocol of voltage pulses (Figure 1(a) ) which permits evaluating Na þ -currents, K þ -currents, and the currents in the steady state. Application of CALHM1 antagonists ruthenium red (RuR, 20 mM) and Zn 2þ (20 mM) decreased uniquely the currents in the steady state (Figure 1(d) ) but not in Na þ or K þ currents (Figure 1(b) and (c) ), in accordance with previous studies. 12 We found a significant reduction of almost 40% in the currents in the steady state for both, RuR and Zn 2þ , suggesting that CALHM1 channel is activated at positive potentials, and contribute to the macroscopic ion currents without altering the typical Na þ /K þ currents in isolated neuronal cultures preparations.
Ischemia activates CALHM1 channels in cultured neurons
To evaluate the contribution of CALHM1 channels in ischemic conditions, we measured the ionic current triggered by in vitro ischemia as reported in previous studies. 8, 11 In cultured neurons, ischemia induced an inward current that became evident 2.27 AE 0.31 min later (Figure 2(a) ). Application of the CALHM1 blocker, RuR (20 mM) at the onset of ischemia greatly increased the latency up to 3.99 AE 0.29 min (Figure 2(a) ). Accordingly, knockdown of CALHM1 with shRNAs, robustly delayed the start rise of the postanoxic currents (sh-CALHM1, 4.31 AE 0.29 min; Figure 1(a) ). The use of scramble shRNAs (nontarget, NT) did not significantly change the onset of ionic currents (Figure 1(a) ). Notably, CALHM1 blocker (RuR, 20 mM) was effective in reversing the ischemic ionic current when applied immediately after its onset (Figure 2(b) ), suggesting that CALHM1 are activated during early ischemia and contribute to the depolarization caused in neurons.
Knockdown of CALHM1 reduces cell death induced by OGD in cortical neurons
In order to study the involvement of CALHM1 channels in cell death induced by OGD, neurons transfected with CALHM1-silencing shRNAs were subjected to OGD for 120 min. Toxicity and cell survival was determined 24 h later by measuring LDH release and calcein fluorescence, respectively. We found that silencing of CALHM1 decreases the LDH release by 13% (Figure 3(a) ) while cell viability increased about 19%, as compared with neurons expressing NT shRNAs. These results indicate that activation of CALHM1 channels during ischemia contribute to neuronal demise.
Blockade or gene deletion of CALHM1 channels reduces the ionic current induced by ischemia in neurons in cortical slices
We next examined the contribution of CALHM1 to ischemic ionic current in cortical neurons in brain slices (250 mm), a more integral preparation than neuronal cultures. As in the latter, inducing ischemia in brain slices activated a large inward current with a latency of 5.2 AE 0.7 min (Figure 4) . However, in the presence of CALHM1 antagonist RuR (20 mM) the latency increased to 7.7 AE 0.9 min. Importantly, we observed a similar delay in the onset of the postanoxic currents in slices from CALHM1 KO mice (8.2 AE 1.4 min; Figure 4 ). These results indicate that CALHM1 channels contribute to the onset of the postanoxic depolarization leading to neuronal demise in brain slices preparations, which is delayed by blockage or gene deletion of CALHM1.
Blockade and genetic ablation of CALHM1 channels are protective after MCAO To evaluate the relevance to stroke of the observations described above, we explored the effect of the CALHM1 antagonist RuR as well as of ablating CALHM1 in KO mice on postischemic injury after transient MCAO. Analysis of cerebral ischemic damage with TTC staining shows that damage was reduced in both instances ( Figure 5 ). In WT animals (control) the volume of damage was 51.39 AE 5.7 mm 3 after 3 days of MCAO, while in CALHM1 KO the volume was reduced to 36.64 AE 6.1 mm 3 (KO, Figure 5 ). Interestingly, the application of RuR (1 mg/kg) resulted in higher protection (volume of damaged tissue 20.06 AE 2.8 mm 3 ). In addition, the neurological score at 1 h after MCAO was similar in all tested animals, control, KO mice, and mice treated with RuR. At later postischemic time points, the score improved progressively until 3 days of reperfusion. In particular, treatment with RuR ameliorated symptoms significantly as compared to vehicle-treated mice.
Subsequently, we quantified the number of degenerated neurons, as stained with FJ, in cryostat sections at the level of the center of the infarct area (typically with slice 3 from the top of the panel illustrating TTC staining in Figure 5(a) ). This analysis revealed that there were 694.5 AE 103 cells/mm 2 of FJ-positive cells in WT mice ( Figure 6 ) at 3 days after ischemia, while CALHM1 KO animals subjected to ischemia displayed a lower number of positive-stained cells (445.4 AE 73 cells/mm 2 ) as did RuR-treated animals (363.1 AE 52 cells/mm 2 , Figure 6 ).
Discussion
In this study, we showed that cortical neurons in dissociated cultures and in brain slices have functional CALHM1 channels that are readily activated after ischemia and contribute to postanoxic depolarization. In addition, we provide evidence that blockade of CALHM1 channels, knockdown of its encoding gene with shRNA or its deletion attenuates postischemic neuronal death and tissue damage in vitro. Finally, we found a robust decrease in infarct volume and cell death in CALHM1 KO mice and following treatment with RuR after the onset of ischemia subsequent to transient MCAO. Together, these results show that the activation of CALHM1 channels substantially contributes to anoxic depolarization and cell death after brain ischemia.
Loss of membrane potential occurs during brain ischemia, which leads to anoxic depolarization 4, 28, 29 that promotes massive release of ATP (reviewed in literature 30, 31 ). In the case of ATP, its excess during ischemia results in excitotoxic death of neurons and oligodendrocytes via activation of P2X7 receptors. [8] [9] [10] However, the mechanisms of ATP release during ischemia are not well known yet. P2X7 receptor, a member of the family of ATP-gated channels, 32, 33 is involved in nonvesicular release of ATP since this receptor can form a large pore upon activation, allowing the passage of organic cations and molecules of up to 900 Da, and the leakage of metabolites including ATP. 34, 35 A role in ATP release has also been assigned to pannexin 1 channels (Panx1), heavily expressed in the CNS, which are large pore ion channels that mediate ATP release. 36, 37 On the other hand, CALHM1 is also involved in ATP release. Originally identified as a possible modifier of the age of onset of Alzheimer's disease, 13, 14 CALHM1 is also able to form a large pore in mouse cortical neurons 11 as well as in the cells of the taste buds and in cerebral-cortical neurons.
12 Figure 6 . CALHM1 blockade or deletion diminishes the number of dying neurons after MCAO. Above, the representative microphotographs of infarct core in the cerebral cortex stained with Fluoro-Jade C in wild type (WT), KO-CALHM1 (KO) and in wild type with RuR (RuR). Images were taken from region 3 on the drawing illustrated, below at left. Note a reduction of FJ-positive neurons in knockout mice and RuR-treated mice. The histogram illustrates the mean AE SEM of dying neurons in all four regions indicated in the drawing at the left. Scale bar: 100 mm. *P < 0.05 (n ¼ 6 animals per condition and 4 slices for WT, 3 slices for KO, and 3 slices for RuR animal). One-way analysis of variance test with Fisher's post hoc test were used. We hypothesized that the rise in ATP concentration or the pathways triggered during ischemia might be modulated by the activation of CALHM1, which in turn can induce anoxic cell depolarization. Indeed, we found that inhibition of CALHM1 partially blocked the ionic currents triggered by ischemic conditions and prevented cultured neurons from dying. Curiously, we observed a stronger protective effect with the CALHM1 blocker RuR as compared to gene silencing or deletion in KO mice. This is probably due to interaction of RuR with other channels and receptors mediating ischemic injury. Indeed, RuR also blocks transient receptor potential cation channels, which are known to be activated by ischemia and mediate tissue damage, as well as CalHM2-3. 38, 39 In addition, RuR attenuates vascular dementia in an experimental model of diabetes in rats, an effect that appears to be mediated by blocking of ryanodine receptors. 40 Finally, early blockade of CALHM1 after the onset of ischemia may limit the subsequent propagation of spreading waves of depolarization in the peri-infarct area. 41 Neuroprotection was partial as other receptors and channels are involved in postanoxic depolarization and cell death (for recent reviews see literature 30, 31 ). This includes P2X7 receptors or Panx1. [8] [9] [10] In turn, the expression of CALHM1 correlates with that of P2X7 in a painful diabetic neuropathy model whereby the rise of ATP levels, and of P2X7 receptor expression in glia could be reverted in part by inhibiting CALHM1. 42 It is conceivable that a similar pathway can be active during brain ischemia, although this possibility needs to be assessed.
In summary, we show that the CALHM1 activation importantly contributes to postanoxic depolarization and cell damage in vitro and in vivo brain ischemia, and that its blockade, knockdown or deletion confers robust neuroprotection. Therefore, targeting the CALHM1 has a therapeutic potential to attenuate the consequences of stroke.
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